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ABSTRACT

A nmodel is proposed for heat and mass transfer in
a packed bed of desiccant particles and accounts for
both Knudsen and surface diffusion within the par-
ticles. Using the model, predictions are made for the
regponse of thin beds of silica gel particles to a step
change in air inlet conditions and compared to experi-
mental results. The predictions are found to be sgatis-
Factory and, in general, superior to those of pseudo-
zas~side controlled models commonly used for the design
of desiccant dehumidiflers for solar air conditioning
application.

NOMENCLATURE
A cross section area of bed (mz)
Sy specific heat of bed (J/kg X)
e constant pressure specific heat of humid air
’ (J/xg X)
o1 coqs:ant pressure specific heat of water vapor
i (Jivg X)
DAR desiccant to air ratio, pbAL/u'xG (dimensionless)
D total diffusivity, defiaed by Eq. 9 (@>/s)
Dy Knudsen diffusion coefficient (mz/s)
Dy surface diffusion coefficient (mz/s)
£,z equilibrium isothew™m
g" (W) derivative of equilibrium Lisotherm,
3om1
g (M = (5N
h enthalpy (J/kg)
fy anthalpy of water vavor (J/kg)
h, convective heat transfer coefficient (W/m2 K)
Hads heat of adsorption (J/kg water)
KG gas—-side mass transfer coefficient (’-cg/m2 s)
Kc,eff affective mass transfer coefficient (kg/m2 s)
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L length of bed (a)

ay water vapor mass fraction (kg water/kg moist
air)

-G mass flow rate of gas mixture (kg/s)

ny mass flux of Hy0 (kg/m2 s)

Nt“ aumber of transfer uaits, KGpL/n‘:G (dimension~-
less)

? pressure (kPa)

P perimeter of bed (m)

PGC pseudo~-gas—~side controlled

radial coordinate in a particle (m)

particle radius (m)

Re Reynolds number, 2RV/y (dimensionless)
RH relative humidity (dimensionless)

SSR sollid-side resistance

t time (s)

t* t/+ (dimensionless)

T temperature (°C)

superficial velocity (m/s)

i desiccant water coatent (kg water/kg Ary
desiccant)
z axial distance (m)

Graek Svmbols

n

particle porosity (dimensicalass)

kinematic viscosity (mz/s)
3
)

<

density (kg/m

a4 0

duration of an experimental run (s)

<}

[«

tortuosity factor for intraparticle zas dir-
fusion (dimensionless)

T tortuosity factor for
diffusion (dimensionless)

intraparticle surface



Subscripts

1 water vapor
avg average value
b bed; bulk
e extarnal value
eff effective value
in inlet value
o initial value
out outlet value
o] particle
s s-surface, in gas phase adjacent to gel
particles
1. INTRODUCTION
Residential air conditioning comprises a con-

siderable fraction of the total demand for electricity
in the United States. Solar air conditioning has many

advantages, such as reducing peak power requirements
(peak load shaving) and efficient use of solar
energy. Solar ailr conditioning systems that have

received considerable attention in the last few years
are solar.desiccant cooling systems. In many parts of
the country a simple evaporative cooling system cannot
give the desired air temperature without also producing
excessive relative humidity levels (}).

The desiccant cooling system adds a desiccant unit
to dry the humid air, and, in solar desiccant cooling
systems, hot air from a solar air collector can be used
to regenerate the desiccant. Thus, the only signif-
fcant electrical power required by the solar desiccant
cooling system i3 that used by the air fans. Both
solid and liquid desiccants can be used. A suitable
solid desicecant for solar desiccant cooling systems has
been shown to be silica gel (2), because of its high
moisture recycling capacity in the temperature range
available. 1In order to meet system pressure drop con~
straints, thin desiccant beds must be used, and the
quasi-steady breakthrough methods used to design thick
industrial beds are not applicable. The transient
response of thin silica gel packed beds is the concern
of this study.

In general, adsorption of water vapor from air by
a desiccant involves a number of physical processes,
giving rise to resistances to vapor transfer from the
gas phagse to the solid phase. There is a gas-side
resistance associated with transfer of vapor from the
bulk gas to the adsorbent particle exterior surface, a
solid-side resistance associated with diffusion of
vapor or adsorbed molecules along the pores, and a
kinetic or surface resistance associated with the
adsorption process itself. Often one of these resis—
tances is dominant, though more often at least two are
important. Current practice is to analyze the dynamic
performance of thin desiccant pzcked beds assuming a
uniform particle moisture content and temperature and
to model the overall transfer processes using pseudo-
gas=-side transfar coefficients (2,3,&15).

Most often used has been the correlation of
pseudo~gas~side transfer coefficients formulated by
Hougen and Marshall (6), based on experimental data
obtained by Ahlberg (Z). Bullock and Threlkeld (4)
wera the first to numerically solve the partial
differential equations governing mass and energy
conservation in packed beds of silica gel particles.
Pseudo-gas—-side controlled processes were assumed, and
the Hougen and Marshall correlation used. Calculacions
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were made for thick beds typical of industrial
applications. Nienberg (2) followed the approach of
Bullock and Threlkeld and lavestigated the performance
of thin beds for solar air conditioning application.
His work was continued by Clark (212), and similar work
was performed by Pla-Barby and Vliet (5). The pseudc-
gas-side controlled model has also been used in
analysis of desiccant bed performance by Mclaine-cross
and Banks (3) and by Barlow (10).

Clark (3,8) tested a prototype scale stationary
bed designed for solar air conditioning application and
found poor agreement between analytical prediction and
experiment for the instantaneous outlet air humidity
and temperature, particularly after a step change in
inlet condition. Although there was some doubt as to
the most suitable equilibrium vapor pressure and heat
of adsorption data, Clark concluded that the
discrepancy was mainly due to improper treatment of
solid-side mass transfer resistance in the model, aspe-
cially at high temperatures and low desiccant moisture
contents. Pesaran (}l) performed extengive bench scale
experiments on thin packed beds of Regular Density (RD)
silica gel with a step change in inlet humidity. He
compared his results with predictions of an improved
version of Nienberg's computer code (2) and concluded
that the solid-side resistance was possibly greatar
than the gas-side resistance, and the use of a pseudo—
gas=gide resistance in analytical models was
inappropriate. Based on a survey of the available
literature on mass transfer in packed beds he suggestad
appropriate correlations for the actual gas~-side
transfer coefficients for desiccant packed beds.

The purpose of the present work was to develop a
model for heat and mass transfer in silica gel packed
particle beds that properly accounts for solid-side
diffusion. The theoretical model was formulated using
available information about the nature of diffusion of
water in silica gel, the undetermined constants
evaluated through comparison of predictions using the
model, and experimental data ohtained for the transient
response of thin packed beds at parameter values char-
acteristic of solar air conditioning applicationm.

2. MODELING AND ANALYSIS

The overall strategy was to
general equation for moisture transport in an iso-
thermal spherical desiccant particle and then to
incorporate this equation into the equation set govern—-
ing heat and mass transfer in a packed particle bed.

At atmospheric pressure, and for the pore radii
characteristic of silica gel, ordinary diffusion of
moisture may be ignored, and only the mechanisms of

first develop a

Knudsen and surface diffusion need be con-
sidered (12). Tigure ! shows a spherical silica gel

particle for which the equation governing coamservation
of moisture is

3(om, )
—t M __ L3 .2
736 T fpac T T Zoar (50 %) 2t

Since Xnudsen and surface diffusion are parallel pro-

cesses, they are additive if interactions are ignored,
thus
2m
Ay |
By = = 0p05,eff 37 ~ DK, eff 37 (2)

The initial conditions are

W(r,t=0) =7 (7) ; om (r,t=0) = pom.__o(r), (3a,b)



o)

Fig. 1.

Diffusion Through a Spherical Particle
while the boundary coanditions are

= () = .
zero flux at r H nl!r=0 0 (4)

and

Flux contipuity at r = R; nl‘ = KG(ml,s - ml,e) .

=R ()

Also my and W are related
relation

through the equilibrium

om, (7,t) = g{W(x,£),T] , (8)
while continuity of gas phase concentration requires

(e) . )

m, -mls
>

Llr=g
By getting either 7 or D equal to zero the
cages of dominant Knudsen diffusion or dominant surface
diffusion can he obtained.

The oproblem can be Ffurther simplified if an iso-
thermal particle 1is assumed. This assumption is
reasonable since for most of the range of air condi-
tioning applications the Biot number of the particles
is less than 0.15 (12). The number of the unknowns can
then be reduced b§_-eliminating o®y using the equi-
librium relation Fq. (6). Using the chain rule of dif-
ferentiation and aftar some manipulation, Eqs. (1) and
(2) become

M 1 13

SN
P

(8)
g' (W), aW
+ Dy, ecf D; 1 S;)

where
a(oml)

aw

The value of eog'(w)/o is usually much less than unity
for wmost desiccants’ and will be ignored (12).
Shysically this corresponds to neglecting the gas
storage term =, (Bom,/dt) in =q. (1). 1f we now define
a total diffusgvity ﬁ, we see Lhat

g' (W)

D = D5,eff * Dx,eff o - )

g (W) = [

Rquations (3) through (8) become
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v 1 3

251,
3 " Zoar feiozhs (10
I.C.: U(r,t=0) = W (r); (11)
' aw
B.C.'s: — =
] ot | p=0 (12)
W :
00 5r] g = K6(1,s T ML) P (D)
coupling condition:
ml,s(t) = £[W(r=R,t),T,P] . (14)

The ratio of Knudsen to surface diffusion fluxes in a
desiccant particle 1s

n D g' (W)Yo
nllK - Kzegf D , (15)
1,8 S,eff
which depends on the average pore radius, internal

particle structure, the equilibrium isotherm slope, and
temperature. This ratio was calculated for both
Regular Dengity (RD) and Intermediate Density (ID)
gels (12). The calculations show that the dominant
mechanism in RD gel (average pore radius 1l 2) is sur-
face diffusion, while both surface and Knudsen dif-
fusion should be considered for ID gel (average pore
radius 68 AY.

The differential equations governing the transient
response of a packed bed of desiccant particles is next
presented. These: equations are obtained by applying
the principles of wmass, species, and energy counser-
vation in both phases. Tigure 2 shows an idealized
picture of the physical phenomena in the gas phase. It
can be shown that gas-side storage terms 2m e/a:
and are/a: are negligible compared to the other terms
for thin beds. Axial and radial diffusion and con-
duction are 1ignored. The bed {3 assumed to be
adiabatic. Assuming {sothermal particles, a "lumped-
capacitance” model can be used for energy conservation
in the solid phase. With these assumptions rthe govern-
ing equations are:

species conservation in the gas-phase
dm

N l,e
—_—t - -
m, 32 KG('-\!Ls ml’e)(l ml,e)P , (16)

species conservation in the solid-phase

W13 W
/& T O, an

energy conservation in the solid-phase
ATg

Apbcb 3 p(hc(Te - Ts) - HadsKG(ml,s

and energy conservation in the gas-phase
. o7

a
cp,emG az p[hc +

- ml,e)] , (18)

R . (n - - .
cpl G(nl,s mi,e)](Te Ts)cﬁg)
The details of the development of the above equations
can be found in Pesaran (12). The equations are

coupled through the equilibrfGE relation applied at the
particle surface,

ml,s(z,t) = f[W(r-R,z,:),Ts(z,:).P] ; 20)

and the 1initial and
equations are

boundary conditions foe the

T.0.1

W(r,z,t=0) = wo(r,z) (21)
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Fig. 2. Idealized Picture of the Physical Phenowmena in
the Gas Thase

t.c.2 Tg(z,t=0) = T,(z) (22)
W

C. =

8.C.1 3| pag =0 (23)
-0 X -

B.C.2 opD 3 - KG{mI,s(z,t)-ml’e(z,t)] (24)

3.¢.3 ,e(Z=0,0) = (1) (25)

B.C.4

T (2=0,8) = T, (¢) . (26)

In the evaluation of the heat of the adsorption Y-Ia
and specific heat of the moist desiccant ¢, an average
desiccant moisture content is required, which is

R 2
f am-'wpp dr

o = 2
Navg T -5{3 . (27)
37 pp
fquations (16) through (27) are a complete set of

coupled nonlinear partial differential equations and
houndary and inftial conditions with six unknowas:
W(r,z,t), wa\,g(zrt)y ml’s(z;tul’ Bl’e(z,c)’ Ts(z,t),
Te(z,t).

If the mass transfer problem Is treated as a
lumped~capacitance model, as has heen done by invest-
igators using pseudo-gas-side controlled models [e.g.,

(2,4,5)1, the solid phase species coangervation equation
bacomes
WMy
i\ 44 f -
Aob 3t = KG,eft"m‘l,s ml,e\p ’ (28)

where KG « 1ls a psuedo-gas-side, mass transfer coef-
ficient,’ given hers hy the Hougen and Marshall
correlation.

The above equation set was put in dimensionless
form and then solved numerically. The Crank=Nicholsom
scheme was used for Eq. (17), while the {mplicit Euler
method was used for Eq. (18). A fourth-order Runge-
Rutta technique was used for the spatial equations,
Fas. (16) and (19). Three nondimensional parameters
are involved:

KGpL pbAL CDD
Ypu = 75 DAR = 7 ;B=KGR'
m: mG'C
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3. EXPERIMENTAL APPROACH

3.1 Aoparatus

The experimental system consisted of a dryer, an
air heater, a humidifier, a blower, and a desiczant bed
in a test chamber. The dryer and the humidifier were
used to generate the desired inlet air conditions
(temperature and humidity) for the test chamber, the
air heater was used to regenerate the desiccant both in
the test chamber and the dryer. The dryer was a packed
bed of Davison 03 silica gel, while the humidifier
consisted of Berl saddle packing and overhead water
spray. The desiccant bed in a 0.13 m ID cylinder was
supported by a copper screen. The height of the bed
was varied by adding wore or less desiccant. To
approximate the adiabatic situation, the test chamber
was insulated with fiberglass in the vicinity of the
desiccant bed during testing.

3.2 Instrumeantatioan

The pressure drop across the bed was measured
using a water manometer. The air temperature upstream
and downstream of the bed, humidifier, and dryer were
measured using thermocouples made from 30-gauge,
chromel-alumel wires. The relative humidity of the
processad air was measured using a hygrometer manu-
factured by Weathermeasura Corp. with a single dielec-~
tric polymer seasor having a very short response time
(90% relative humidity change in one secoud). The
electrical signals of the thermocouples and hygrometers
were recorded simultaneously at a pre-programmed time
interval.

3.3 Procedure

Tests were performed to determine the response of
a bed to a step change in inlet air conditions. A bed
of known initial water content and temperature was pre-
pared using the heater, the humidifier, or the dryer,
and then at time t = (0, process air wwith seiected
constant humidity and temperature was passed through
the bed. The outlet alr conditions from the bed were
measured and plotted versus time. Two types of experi-
ments were performed, namely, adsorption and
desorption. In adsorption experiments the initial bed
water content was mich lower than the equilibrium value
corresponding to the process air, while in desorption
experiments, the initial bed water content was mch
higher than the equilibrium value corresponding to the
process air,

3.4 Test Gel

Boch the RD gels (Davison Grade Ol, 03, 40 aund
408) and ID gel (Davison Grade 59) were tested to
investigate the effect of average pore diameter and
equilibrium adsorption ou bed performance. Since it
can reasonably be assumed that the solid=-side
resistance varies with desiccant particle size, a wide
range of gel sizes was tested (0.6=3 mm). Different
grades of silica gel were sieved to obtain a narrow
range of particle size.

4, RESULTS AND DISCUSSION

The numerical solutiom of the diffusion equacion
for a single particle, Eq. (10), 1is discussed first.
Next, predictions using the theorstical models of bed
performance developed in Sec. 2 will be compared with
the experimental data for RD and 1D gels,

4.1 MNumerical Solutions of the Diffusion Egquation in
an Isothermal Particle
The numerical solurions to the diffusion equacion
for an RD and an ID particle are presented in Figs. 3
and 4, respeccively. The figures show the gel water




content as a function of time for adsorption cases of
typical experimental conditions in the range of solar
alr conditioning. The result for an RD particle,
Fig, 3, shows that the difference between curve 1
(surface plus Xaudsen diffusion) and curve 2 (surface
diffusion only) 1is very small, and thus confirms that
the contribution of Knudsen diffusion can be neglected
for RD gel.

Figure 4 shows that the contribution of Knudsen
diffusion cannot be neglected for ID gel. Note that
the curves of wav versus i* for each mechanism cannot
be simply added s%.nce the problem is a nonlinear one.
Iavestigation of profiles of local gel water content
shows that the penetration of water into ID particles
is faster than that of RD particles, because the total
diffusivity of ID gel is larger than that of RD gel
(about 4-20 times greater). The auxiliary data such as
heat of adsorption, equilibrium isotherm, surface
diffusion coefficient, etec., are presentad in Table L.

4.2 Comparisons of Experimental Results with Theoret-

ical Predictions

Table 2 summarizes the pertinent parameters of
some of the successful experimental runs. Figures 5
through 12 show the outlet air temperature and water
vapor mass fraction as a function of dimensionless
time. Theoretical predictions using both the model
with solid-side resistance (SSR model) and pseudo—gas-
side controlled model (PGC model) are also shown in
Figs. 3 through 12. The general trend of both theo-
retical and experimental adsorption results are as
follows: T,uc L0creases rapidly to a maximum and
gradually decreases at a rate depending on the air flow

KON

Curve

1 Surface and Knudsen Diffusion
0.24- 2 Ssurface Diffusion
3 Knudsen Diffusion

°
= o020
§
5 0.16F
Q T, = 2417°C
& R = 0.194 x 102% m
3
; 1 V = 0.32m/s
> 012 M1 . = 0.0105
2 r=1800s
g
<% 0.08 3
= W, = 0.041
0.04
0.00 | | ) |
0.00 020 0.40 0.60 0.80 1.00

t*, Time, Fraction of Period

Fig. 3. W vg VSe t* for Various Mechanisms of Diffy-
siog for a Regular Density Particle
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0.70
Curve
1 Surface and Knudsen Diffusion
0601 2 Surface Diffusion
' 3 Knudsen Diffusion
9:2 0.50¢+
<
o
Q
3 040}
@«
=
]
>
S 0.30F
g
< To = 24.08°C
2 R =0.194 x 107%m
z 020 V = 0.26 m/s
my e = 0.0096
T = 1200 s
0.10 W, = 0.0068
0.00 ] ! ] ]
0.00 0.20 0.40 0.60 0.80 1.00

t*. Time, Fraction of Period

Flg. 4. W vg Y8+ t* for Various Mechanisms of Diffu-
sioﬁ for an Intermediate Density Particle

rate; alse Increases rapidly at first, but

rather th’aon raaching a maximum, the rate of increase
simply becomes 1less. The change in slope of m "
occurs after T reaches its peak. The reasons * #6¢
this behavior are that immediately following the step
change, the dry bed adsorbs H,0 and liberates heat at a
high rate; .consequently, the bed temperature and T

increase rapidly, and my o, inereases rapidly from a
value much lower than ml’ a+ The bed gradually loses
its adsorptive capacity ’}ue to the increase in gel
water content and bed temperature, and the rate of
increase of m. decreases as a result. The maximum
in T .. s reached when the cooling effect of the air
flow balances the heat of adsorntion being released,
and thereafter the reduced rate of adsorption causes

Tou: to decrease.

Comparing the theories and experiments we observe
the following. For adsorption on RD gel (Figs. 5, 6,
7, 12) the agreement between the predictions of S§S3R
model and experimeats is good, bheing somewhat bettar
for m out than ‘1‘O e The pradictions of i using
the S’éR model are generally better than those of the
PGC model, aspecially at small times. The initial
slope of the m ar curve from SSR model is steeper
than those of PGC model and is usually the same as the
experimental value. For desorption from the RD gel
(Figs. 10, 11) generally, my is overpredicted by
both models, while T ut 18 pradicted satisfactorily by
the SSR model and underpredicted by PGC model. The
agreement between T ut predictions of rthe models and
experiments are not as good as those of adsorption
cases. This behavior has also been observed alse-
where (10) and may %e attributed to presence of a
dynamic hysteresis i{a the adsorption/desorption char-~
actaristies of silica gel. For adsorption on ID gel
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Table 1. Auxiliary Data for Regular and Intermediate Density Silica Gels (13)

Regular Density

Intecrmediate Density

Heat of adsorption Hads = -=12400W + 3500 W <a, Hads=-300W + 2095 W < 0.15
Hads = =1400W + 2950 W > 0. Hads= 2050 W > 0,13
£quilibrium RHL = 0.0078 - 0,05759W + 24,165540° RH = 1.235W + 26Z.9W2 - 3170.7w3
isotherm ~ 124.478W7 + 204.228u™ + 10087 .16W W < 0.07
RH = 3.18W + 0.348 W3 0.07
Tortuosity factor tg =ty = 2.8 tg =1, =2
Particle porosity £ = 0.516 g = 0.716
Bulk density Py = 721.1 &g/’ oy = 400.6 kg/um?
Particle density pp = 1135.9 kg/m3 pp = 620 kg/m3
Gas-side mass transfer Kg = 1.70 ;ERe'°'42 kg/m2s
coefficient
Gas-side heat transfer he = 1.60 re=0.42¢ - W/ak
A P.2
coefficient
Surface diffusion . 2
coefficient Dg = D, exp [- 0.974 dads/(T + 273)] m/s
Knudsen diffusi
nzo::;icients on Dg = 22.36a(T + 273)1/2 mzls; a = agverage pore radius (a)
£feactive diffusion i 1
coefficients DR,eff = ?g D¢ Ds,etf = T Ds
Table 2, Bed and Flow Conditions of the Experiments
Run Gel R L Wo TO Ty ia Tin v Re Ntu DAR T
YPe (1073w (107t w) (°c) (°c)  (a/s) (s)
1 RD 1.94 7.75 0.0417 23.3 0.0100 23.3 0.21 49,3 22.85 0.1285 1800
3 RD 1.94 7.75 0.0415 21.6 0.0078 21.6 0.34 84.4 18.80 0.0812 1740
7 RD 1.27 6.5 0.0410 24.7 0.0106 24.7 0.39 70.0 26.90 0.0604 1300
13 ID 1.94 7.75 0.0088 23.6 0.0097 23.67 0.45 109.5 16.9 0,050 1200
17 D 1.94 7.75 0.0050 24,44 0.0063 24,44 0.67 164.2 14,2 0.033 1200
27 RD 2.60 5.0 0.296 22.78 0.0007 22.78 .30 94,5 8.71 0.0586 1800
28 RD 2,50 5.0 0.241 24,17 .0005 24.17 0.42 133.2 7.54 0.0621 1200
31 RD 2.60 5.0 0.045 22.89 0.0158 22.83 0.25 79.4  9.36 0.0702 1800

*This value of N, is for the SSR model; N, for the PGC model is approximately 1/3.4 of this Y.

(Figs. 8, 9) the SSR model predicts M out well at
small times, but overpredicts my . later.  The pre-
dictions of the SSR model are befter than those of the
PGC model for m . o is generally underpredicted
by hoth models,” with the PGC model being somewhat
better. These discrepancies can be attributed partly
to the lack of reliable data for the adsorption
i{sotherm and the heat of adsorption of the ID gel.

5. CONCLUDING REMARKS
A new model has been developed for heat and mass

transfer in a packed bed of silica gel desiccant
particles that properly accounts for both Xnudgen and
surface diffusion within the particles. Predictions of
transifent bed response agree quite well with experi-
nments, and, in gemeral, are somewhat bettar than pre-
dictions given by the commonly used pseudo-gas-side
controlled model. Since the new model is more faitchful
to the true physics of the problem, it is likely that
it can be used to extrapolate available experimental
data with much greater coafidence than can be done with
existing pseudo-gas-side controlled models.
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